• Restraint stress modulates spontaneous formalin behavior in both male and female mice.
Introduction
Although pain has evolved as a defensive response to noxious stimuli, the suppression of pain during stressful events is evolutionarily advantageous and known as stress-induced analgesia (SIA). SIA is generated through supraspinal integration of the physiological stress response and descending pain inhibition. The amygdala is a limbic brain region involved in both of these processes, and thus a potential modulator of SIA. Signaling molecules localized in the central nucleus of the amygdala (CeA) provide direct evidence for this specific region's link to the underlying mechanisms of SIA; stimulus-induced expression of corticotropin-releasing factor (CRF) [1] and phosphorylated extracellular signal regulated kinase 2 (pERK2), [2] couple the CeA to the stress response and pain modulation, respectively. Additional anatomical evidence comes from CeA projections to CRF-rich regions of the hypothalamus [3, 4] , linking it to the HPA axis, and heterogeneous CeA projections through the periaqueductal gray (PAG) [5] to the rostral ventromedial medulla (RVM) [6] linking it to descending pain transmission.
Interestingly, the CeA exhibits sex-based differences in response to stress and pain. For instance, basal levels of CRF in the CeA vary between the sexes [7] and psychological stress and foot shock differentially regulate expression of this hormone in male and female rats [8] . In the context of pain, men exhibit increased functional connectivity between the amygdala and PAG as compared to women [9] . Additionally, localized injections of female sex hormones in the amygdala alter pain-like responses to visceral stimulation in rats [10] . Taken together, these data suggest that sex-dependent variability in amygdaloid processing of pain and stress may differentially induce SIA in males and females.
In this paper, we evaluated sex-based differences in behavioral and molecular indices of SIA. Specifically, we performed acute restraint stress in male and female mice prior to intraplantar injections of formalin, a noxious inflammatory agent. At various time points following injection, we observed pain-like behaviors, quantified circulating stress hormones, and analyzed ERK activation in the CeA. We hypothesized that females would exhibit more robust SIA since they have higher basal levels of the stress hormone corticosterone [11] , greater variability in hormone responses to stress [12] , and increased pain sensitivity [13] .
Materials and methods

Animal care
All protocols were done in accordance with National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee at Duquesne University, Pittsburgh, PA (Protocol Number: 1412-16). Male and female C57BL/6J mice aged 9-12 weeks were used for all experiments. Animals were housed on a 12 h light/ dark cycle (7 am-7 pm) with ad libitum access to rodent chow and water.
Behavioral testing
Only one sex was tested at a time to avoid odorant cues influencing testing. All cohorts were tested in the same room and time of day over the course of one week. Mice were placed in 25 × 25 × 35 cm ventilated Plexiglas enclosures on a wire mesh rack and habituated for at least 2 h with background white noise. Male and female experimenters who were blinded to restraint stress condition performed all additional behavioral testing. All experimenters spent at least 30 min in the testing room prior to any behavioral assay to account for experimenter effects on pain-like behavior [14] .
Acute restraint stress
Mice were restrained to induce stress before receiving a formalin paw injection (see below). Mice were restrained for 30 min in a 50 mL plastic conical tube fitted with air holes and a stopper so animals were not able to fully turn around in the tube; non-restrained control mice remained in Plexiglas enclosures. Restraint stress has been used for decades to investigate the neurobiological, behavioral, and clinical aspects of stress on the development and expression of numerous disorders [15] ; it produces a significant stress response without causing physical injury to the animal. All mice were then allowed a 15-min grooming period before further testing.
Spontaneous formalin behavior
As previously described [16] , spontaneous behaviors following intraplantar formalin injection were measured. Animals were injected subcutaneously in the plantar surface of the right hind paw with 10 μL of 2% formalin in saline (Sigma, St. Louis, MO). Restrained and control mice were videotaped (Logitech Pro 9000) following intradermal formalin injection and analyzed for nociceptive behaviors (defined as licking, lifting, and flinching of the injected paw) in 5 min bins for 60 min following formalin injection. The first phase of spontaneous behavior was defined as 0-10 min after injection and the second phase of testing was defined as 10-60 min after injection. The entire period was also analyzed from 0 to 60 min using an area under the curve analysis to determine the presence or absence of sex differences in this assay.
von Frey mechanosensory assessment
All behavioral testing occurred between 8 am and 3 pm. von Frey filaments (North Coast Medical, San Jose, CA; [17] ) were used to evaluate hind paw mechanical sensitivity. As previously described [16] , mechanical testing consisted of applying von Frey filaments to the left and right hind paws until bent at approximately 30°for no longer than 2 s. If the animal removed its paw before this time, it was recorded as a withdrawal. Each filament, beginning with the smallest force filament and increasing in force thereafter, was applied five times. The mechanical threshold was determined as the smallest filament that evoked a withdrawal response in at least three of the five trials. Three to five baseline withdrawal thresholds were averaged for each hind paw. One day following baseline testing, mice were again habituated in Plexiglas enclosures. After 2 h, mice were subjected to restraint stress (or control, as described above), allowed to groom for 15 min, and then injected with formalin (as described above). Mechanical sensitivity was measured 120 and 180 min following formalin in both the formalin-injected paw and the contralateral (uninjected) paw.
Blood and tissue collection
Mice were habituated as described in Plexiglas enclosures for at least 2 h with background white noise; tissue and blood collection occurred between 12 pm and 3 pm. Restraint and formalin (or saline) injections were performed as described and then mice were returned to their Plexiglas enclosures and remained undisturbed until 180 min post-injection. At the 180 min time point, animals were transferred one at a time to another room for sacrificing. The 180 min time point was chosen for analysis because this is the time at which the CeA modulates mechanical hypersensitivity [16, 18] . Animals were sacrificed via decapitation and trunk blood was immediately collected through heparinized capillary tubes and stored on ice. Brains were isolated and cut into 1 mm thick coronal sections. Using the Paxinos and Franklin brain atlas [19] , 1 mm punches containing the CeA were collected from the left and right hemispheres. All tissue samples were immediately stored on dry ice and then stored at −80°C until analysis. An experimenter blinded to restraint stress condition performed all molecular analyses.
Western blot analysis
As previously described [20] , levels of ERK1/2 and pERK1/2 were analyzed in the CeA via Western analysis. All CeA samples were homogenized with ice-cold homogenization buffer (20 mM Tris, 1.5 mM EDTA, 1 mM Na4P2O7, 25 mg/mL aprotinin, 25 mg/mL leupeptin, 1 × Sigma phosphatase inhibitors II and III, 100 mM PMSF), and then evaluated for total protein content using a BCA protein assay kit (Thermo Scientific, Rockford IL). 12 μg of protein from each CeA sample were separated on a 12.5% SDS polyacrylamide gel and then transferred to a nitrocellulose membrane. Membranes were incubated in Odyssey blocking buffer for 1 h and then incubated with mouse anti-pERK1/2 (Cell Signaling, 1:1000) and rabbit anti-ERK1/2 (Cell Signaling, 1:1000) primary antibodies for one hour. Blots were washed and rinsed with TBS with 0.1% Tween-20 (TTBS), then incubated with goat anti-mouse AlexaFluor 680 (Invitrogen, 1:20,000) and goat anti-rabbit IR 800 (Rockland, 1:20,000) secondary antibodies for 1 h. Blots were rinsed with TTBS then scanned on an Odyssey Fc imaging system. Using Image Studio Lite (version 4.0) software, band densitometry was assessed for ERK1, ERK2, pERK1, and pERK2. Phosphorylated isoforms were normalized to total ERK for data analysis.
Corticosterone assay
Plasma corticosterone was assessed 3 h after paw injection or at an equivalent time of day for naïve control mice. Trunk blood samples stored on ice were centrifuged for 15 min at 3500 rpm at 4°C. The supernatant plasma was pipetted into 0.5 mL microcentrifuge tubes and stored at −80°C. Corticosterone blood concentrations were measured by Corticosterone Enzyme Immunoassay kit (Arbor Assay's DetectX®) and compared to corticosterone standards.
Statistical analysis
All statistical analyses were performed with GraphPad Prism 5 software (GraphPad, La Jolla, CA). One-way or Two-way ANOVAs were used to determine main effects, while Tukey's multiple comparison analyses or Bonferroni post hoc tests were, respectively, performed when a significant main effect was observed. All results are graphed as means ± standard error mean. A p-value b 0.05 was considered statistically significant for all comparisons.
Results
Restraint stress alters formalin-induced spontaneous behavior in male and female mice
In order to examine the effects of restraint stress on formalin-induced spontaneous pain-like behaviors, male and female mice received an intraplantar injection of 2% formalin and the time spent exhibiting pain-like behaviors was evaluated over the course of the following 60 min. Both restrained (n = 18) and non-restrained (n = 18) males exhibited biphasic response curves (Fig. 1A) . Restrained mice spent significantly less time exhibiting spontaneous pain-like behaviors compared to non-restrained male animals ( Similar to male mice, restrained (n = 17) and non-restrained (n = 17) females exhibited biphasic response curves following formalin treatment (Fig. 1D ). Restraint had a subtly different role in modulating pain-like behavior in female mice; stress had no overall effect on painlike behavior in females when analyzing all time bins (Two-way ANOVA: effect of restraint, p = 0.182; Fig. 1D ) but there was a significant interaction between restraint and time (Two-way ANOVA: restraint × time, p b 0.0001; Bonferroni post-test: 15-20 min, *p b 0.05; 30-35', *p b 0.05). When each phase was assessed individually, restraint failed to decrease pain-like behaviors during the first or the second phase ( Fig. 1E-F) . Comparing male to female mice for the entire 0-60 min period (male control = 1275.4 ± 67.9 s; male restraint = 897.5 ± 65.6 s; female control = 1247.0 ± 67.7 s; female restraint = 1128.6 ± 71.6 s), there was a significant main effect of restraint but no significant effect of sex or interaction between restraint and sex (Two-way ANOVA: stress, p = 0.0005; sex, p = 0.14; restraint x sex, p = 0.062).
Restraint stress decreases formalin-induced mechanical hypersensitivity in male but not female mice
In order to examine the effects of restraint stress on formalin-induced mechanical hypersensitivity, male and female mice were restrained or were not handled prior to receiving a formalin paw injection. The non-restrained control male mice (n = 18) exhibited hypersensitivity in both paws at 120 and 180 min following injection compared to baseline (Two-way ANOVA, effect of time p b 0.0001; Bonferroni post-test, 120 vs baseline p b 0.001, 180 vs baseline p b 0.001; Fig. 2A-B) . Consistent with the SIA seen in the spontaneous formalin test, restrained males (n = 17) exhibited decreased hypersensitivity (i.e. increased withdrawal thresholds) to mechanical stimulation in the injected paw at the 180 min timepoint ( Fig. 2B ; Two-way ANOVA, main effect of restraint p = 0.026; Bonferroni post-test restraint vs. control p b 0.01) and decreased hypersensitivity in the noninjected paw at both the 120 and 180 min timepoints ( Fig. 2A ; Twoway ANOVA, p = 0.063; Bonferroni post-test restraint vs. control at 120 min p b 0.05 and 180 min p b 0.01).
As observed in male mice, non-restrained control female mice (n = 18) exhibited mechanical hypersensitivity in both the left and right paws 120 and 180 min after formalin injection compared to baseline (Two-way ANOVA, effect of time p b 0.0001; Bonferroni post-test, 120 vs baseline p b 0.001, 180 vs baseline p b 0.001; Fig. 2C-D) . In contrast to their male counterparts however, stressed female animals (n = 18) did not exhibit decreased mechanical hypersensitivity following formalin injection in either the injected (Two-way ANOVA, effect of stress p = 0.935; Fig. 2D ) or non-injected paw (Two-way ANOVA, effect of stress p = 0.590; Fig. 2C ) when compared to non-restrained control females.
Restraint stress in males prevents formalin-induced ERK2 phosphorylation in the CeA
The individual and composite effects of formalin and restraint on the phosphorylation status of CeA ERK1/2 were investigated via Western blot analysis (Fig. 3A) . In males, both pERK1 and pERK2 expression were increased in the CeA 180 min following formalin injection (Twoway ANOVA main effect of formalin: pERK1, p = 0.047; pERK2, p = 0.041; Fig. 3B-C) . Restraint stress specifically affected ERK2, and not ERK1, phosphorylation status (Two-way ANOVA effect of restraint, p = 0.031; Fig. 3C ); 180 min post-formalin injection, restrained, formalin-injected males expressed significantly less pERK2 compared to nonrestrained, formalin-injected males (Bonferroni post-test, formalin control vs formalin restraint p b 0.05; Fig. 3C ). These fluctuations in ERK2 phosphorylation mirror the behavioral observations in which non-restrained males demonstrated formalin-induced mechanical hypersensitivity while restrained males showed reduced mechanical hypersensitivity.
Western blot analysis was repeated in female mice to investigate if restraint stress and formalin injection had the same molecular effects (Fig. 4A) . Complementing the mechanical hypersensitivity observed following injection, formalin overall had a significant effect on the phosphorylation status of ERK1 but not ERK2 in the CeA of female mice (Two-way ANOVA main effect of formalin: pERK1, p = 0.019; pERK2, p = 0.189; Fig. 4B-C) . Consistent with behavioral similarities between restrained and control habituated mice three hours after formalin injection, there was no effect of restraint stress on either pERK1 or pERK2 expression in the CeA (Two-way ANOVA main effect of restraint: pERK1, p = 0.475; pERK2, p = 0.839; Fig. 4B-C) .
Male and female mice exhibit different levels of corticosterone 180 min post-formalin injection when restrained
In order to investigate the effects of restraint and formalin on corticosterone levels, blood samples were collected 180 min post-formalin in restrained and non-restrained groups, and from naïve mice of each sex matched for time of day. A one-way ANOVA revealed a significant overall main effect of treatment in male mice (p = 0.002; Fig. 5A ). Additionally, multiple comparison tests revealed that male mice restrained and injected with formalin have significantly higher levels of corticosterone 180 min post injection compared to naïve and non-restrained formalin-injected males (p b 0.01 and p b 0.05, respectively; Fig. 5A ). The effects of restraint and formalin on corticosterone levels in female mice were investigated. A one-way ANOVA revealed a significant overall main effect of treatment (p b 0.001; Fig. 5B) , with naïve females having significantly lower levels of corticosterone compared to restrained formalin-injected and non-restrained formalin-injected females (p b 0.01 and p b 0.001, respectively; Fig. 5B ). However, restrained formalin-injected females corticosterone concentrations 180 min post-injection were not significantly different compared to non-restrained formalin-injected females (p N 0.05; Fig. 5B ).
Discussion
Here, we demonstrate sex-based differences in behavioral, molecular, and hormonal indices of acute SIA in mice that extend for 180 min after noxious stimulation. Behaviorally, both male and female mice exhibited altered formalin-induced spontaneous pain-like responses following 30 min of restraint stress (Fig. 1A, D) . While the pattern of spontaneous behavior between male and female mice varied (male mice demonstrated a significant effect of restraint in the first and second phase and females having no significant effects in the first and second phase), an area under the curve analysis for the full 60 min of the assay did not reveal a significant sex difference between male and female mice. On the other hand, 180 min after formalin injection, only stressed male mice, and not their female counterparts, demonstrated decreased mechanical hypersensitivity.
Since SIA is largely a supraspinally-mediated phenomenon, we investigated sex-based molecular changes in the CeA, a region of the brain that mediates formalin-induced behavioral changes through GPCR and ERK2 signaling [21] . 180 min following formalin injection, non-restrained control male mice exhibited increased expression of pERK2 in the CeA (Fig. 3C ) but formalin failed to have a significant effect on pERK2 in female mice (Fig. 4E) . Complementing the behavioral data, restraint stress blocked pain-induced increases of ERK2 phosphorylation in males (Fig. 3C) . In addition to pain, the CeA is also linked to HPA axis stress mediation via glucocorticoid signaling [3] . We evaluated circulating corticosterone levels and discovered that combined acute restraint stress and formalin injection significantly elevated corticosterone in male mice, while female mice showed equivalent corticosterone increases after formalin with or without restraint.
In these experiments, acute restraint stress altered pain-like behaviors in male and female mice during the entire 0-60 min assay of the formalin test. The formalin test is a reliable rodent model of inflammatory nociception [22] . Nocifensive responses generated during the first phase are thought to be dependent on peripheral mechanisms while the second phase of testing are thought to be dependent upon central sensitization of dorsal horn neurons in the spinal cord [22] . Our data suggest that acute restraint stress may be altering nociceptive-related activity in both the periphery and in the spinal cord. This central SIA effect has previously been observed following footshock, another acute stressor. Acute footshock altered spontaneous activity and pain-evoked responses of dorsal horn neurons in intact preparations, but had no effect in spinalized preparations, suggesting a supraspinal mechanism of action [23] . It is likely that following either restraint or footshock, stress-induced activation of the hypothalamus or CeA alters activity in RVM neurons that project to these pain-mediating cells in the spinal cord [24] .
In addition to measuring spontaneous formalin-induced behaviors, we also assessed mechanical hypersensitivity in both the injected and non-injected paws using von Frey filaments. Non-restrained control male and female mice demonstrated formalin-induced mechanical hypersensitivity in both paws following formalin treatment. Animals exhibited pronounced hypersensitivity in the injured paw and reduced but significant hypersensitivity in the contralateral paw. This contralateral hypersensitivity has been previously reported and may be a result of spinal cord sensitization or changes of higher brain centers and the descending pain system [2, 17] . Although mechanical hypersensitivity after formalin has been observed in female rats [25] , to our knowledge, our data are the first demonstration of this pain-like response in female mice at 180 min.
Restraint stress decreased mechanical hypersensitivity (i.e. increased withdrawal thresholds) in both the injected and non-injected paws of male mice. We again predict that these behavioral changes are a result of activated supraspinal analgesic systems that ultimately depress primary afferent transmission at the level of the spinal cord. The extended duration of SIA in our report is noteworthy. In previous experiments using uninjured animals, forced cold water swims induced analgesia that lasted 60 min when assessed via tail-pinch and 120 min via thermal plantar assay. In the current experiments, the combined effects of ongoing formalin-induced pain and acute stress may be engaging nociceptive systems and sustaining this activity which, in the presence of only one stimulus, would gradually diminish over time. While we did not find SIA induced changes in mechanical sensitivity in females at 120 or 180 min after formalin, it is possible that reduced hypersensitivity might be seen at earlier time points since stress did alter early spontaneous behavior in females. We next examined pERK expression levels in the CeA to determine if sex-and stress-specific changes in this signaling cascade matched observed behavioral differences. We found that formalin injection increased phosphorylation of both ERK1 and ERK2 in the male CeA; acute restraint stress prevented formalin-induced phosphorylation of only ERK2. Although the trend observed for a reversal of formalin-induced ERK1 activation prevents us from making strong conclusions related to the two ERK isoforms, these data do suggest differences of ERK1 and ERK2 in male SIA. These isoform-specific differences are further illustrated by two findings from female mice. First, similar to male mice, formalin treatment had a significant effect on ERK1 phosphorylation in females with a trend for a reversal of the formalin effect with restraint. Second, in contrast to male mice, no effect of formalin or restraint was seen on ERK2 in female mice. Notably, other pain modalities have also failed to increase pERK1/2 expression in the female CeA; noxious bladder distension in this sex failed to induce CeA ERK1 or ERK2 phosphorylation [28] . Thus, the activation of the two pERK isoforms is sex-and pain model-dependent, suggesting a dynamic and complex role for the two isoforms of pERK in the context of pain and stress.
These data in male and female mice present a complicated picture that will require future studies to fully understand. Nonetheless, we reason that the sex differences observed here in ERK2 activation in the amygdala after formalin are primarily responsible for behavioral differences observed in mechanical hypersensitivity after restraint. This is not the first report of functional differences between the ERK isoforms; recent studies using global and promoter-driven knockouts of ERK2 have uncovered some of the independent and redundant functions of ERK1 and ERK2 in nociceptive signaling. Global knockouts reveal that in the CNS, ERK2 is the dominant isoform and is required for inflammation-induced behavior sensitization [26] . Deletion of ERK2 in Na v 1.8-expressing sensory neurons (i.e. nociceptors) reveals that this isoform is also required for inflammation-induced behavioral sensitization in the periphery [27] . Previous data have shown that ERK2 (but not ERK1) is activated in males 180 min following intraplantar formalin injection and that pharmacologic activation of ERK in the CeA induces mechanical hypersensitivity [2] . Furthermore, inhibition of ERK phosphorylation in the CeA of male mice reverses formalin-induced mechanical hypersensitivity; these results relied on U0126, which prevents phosphorylation of both ERK isoforms [2] . We found that restraint only partially reversed formalin-induced hypersensitivity in male mice leaving open the possibility that ERK1 activation maintains some level of hypersensitivity in males and contributes to formalin-induced hypersensitivity in females. Overall, signaling differences in the ERK2 phosphorylation pathway in the CeA may play different roles between the sexes in regulating formalin-induced mechanical hypersensitivity but technical limitations in the ability to functionally target ERK1 versus ERK2 activation in the CeA leave open the possibility of ERK1 playing a partial role in CeA-dependent mechanical sensitivity changes in both male and female mice.
In addition to changes in descending analgesic systems, we also predicted that restraint stress would affect HPA axis activity. To assess this, we analyzed circulating corticosterone levels 180 min following formalin injection in animals that had been restrained and animals that had not been restrained, or in naïve animals which were neither restrained nor injected. Restrained/formalin-injected males had significantly more circulating corticosterone than both non-restrained/injected males and naïve males. Previous experiments have demonstrated that formalin injection and restraint stress independently increase corticosterone levels, but these increases gradually return to baseline approximately 90 min later in rats [29] . Our observation of increased corticosterone 180 min post-injection suggest an augmented HPA axis response caused by the synergistic effects of stress and pain. Consistent with higher basal HPA axis drive in females, naïve female mice had demonstrably more corticosterone than males [29] . Formalin injection increased corticosterone levels compared to naïve female levels. However, no differences were observed in the increased corticosterone between non-restrained/injected and restrained/injected female mice. This suggests that restraint stress does not increase corticosterone levels to a greater extent than formalin alone in female mice.
Increased HPA axis activity in restrained/injected males relative to naïve and non-restrained/injected males could be directly or indirectly mediating SIA. Direct removal of the pituitary gland or adrenal cortex in male rats blocks SIA in the cold-water swim model [30] and formalin test [31] , respectively. In a similar fashion, direct administration of corticosterone in adrenalectomized male rats restores SIA [31] . These data support the SIA-accompanying increases of corticosterone observed in this report. Indirect HPA axis modulation of SIA may be a result of glucocorticoid signaling in the CeA. Corticosterone, which is synthesized in the adrenal cortex, binds to glucocorticoid receptors (GR), which are expressed in many regions throughout the brain including the CeA [32] . Corticosterone-GR binding induces expression of CRF in the CeA [33, 34] . CRF can then bind to CRF receptor 1 (CRF1) or 2 (CRF2), which, if expressed in the anterior pituitary, drive HPA axis activity, or, if expressed in the CeA, modulate nociceptive synaptic plasticity. These two receptors have opposite nociceptive functions at the level of the CeA; CRF1 is pro-nociceptive, while CRF2 is antinociceptive [35] . CRF2 and CRF1 binding may be responsible for SIA and stress-induced hyperalgesia (SIH), a phenomenon often experienced by chronic pain sufferers following acute stress, respectively. Although the exact mechanisms of SIA and SIH are unknown, it is possible that CRF2 and CRF1 regulation of ERK signaling may be involved [35] .
In this report, the data support an indirect/CeA mechanism of HPA axis SIA in mechanical sensitivity where enhanced corticosterone binding in the CeA during restraint blunts ERK2 activation leading to reduced bilateral mechanical hypersensitivity. A direct peripheral antiinflammatory effect of corticosterone would have likely reduced mechanical sensitivity in both male and female mice and would have had a pain suppressing effect only in the inflamed right hind paw. Instead, we only found persistent SIA in male mice in both the formalin-injected and central-sensitized non-injected left paw. Together, the aforementioned male data combined with corticosterone failing to have an effect in the female CeA or on behavior support an indirect/CeA mechanism of HPA axis SIA in mechanical sensitivity in male mice. The lack of a CeA effect of corticosterone in females may be due to consistently high levels of corticosterone under naïve conditions (compared to male naïve levels), which may saturate CeA GRs and subsequently dampen any corticosterone effect on ERK2 phosphorylation or actually prevent ERK2 phosphorylation after formalin in the first place.
While our data demonstrate interesting differences between SIA in male and female mice, the ultimate mechanisms of this sex difference are unknown. One might expect estrous cycling to play a role in these sex-based differences. There is mounting evidence however, that estrous cycle is not a factor in pain research [36] [37] [38] . Comprehensive analyses of large data sets have determined that there is no overall effect of cycle on pain sensitivity and further suggest that when randomly cycling animals are used, they will counteract any cycle confounds [37, 38] . Estrous cycling also has no effect on basal corticosterone levels in female rats, however it does affect stress-induced release of corticosterone; 20 min of restraint stress augments corticosterone release when rats are in proestrous [39] . However, cycle-dependent increases in corticosterone last only for 10 min following restraint; therefore we do not anticipate that our corticosterone measurements were affected by cycle differences.
Conclusions
Here, we report sex-based differences in SIA generated by acute restraint stress. Male mice exhibit robust SIA in mechanical hypersensitivity following intraplantar formalin injections that is sustained for several hours. We attribute these sex-based differences to two different supraspinal mechanisms: relative increased activity of the male HPA axis coupled with decreased nociceptive signaling of ERK2 within the male CeA. Overall, these results suggest that sex-based differences in behavior may be attributed to the interplay of hormonal and molecular factors that span both nociceptive and stress-related regions of the brain. Fig. 5 . Acute restraint stress exacerbates formalin-induced increases in corticosterone in males. 3 h following injection, circulating levels of corticosterone were assessed in naïve male mice (n = 6), male mice that had been restrained for 30 min prior to receiving a 2% formalin injection (n = 8), and male mice that had not been restrained prior to injection (n = 8). Restrained/injected mice had significantly more corticosterone in serum than both the non-restrained/injected mice and naïve animals that were neither restrained nor injected (A. One-way ANOVA: p b 0.01; Bonferroni's post-test: naïve vs. formalin/restraint, ***p b 0.001; formalin/no restraint vs. formalin/restraint, *p b 0.05). Formalin injection increased circulating corticosterone levels to the same extent in nonrestrained (n = 13) and restrained females (n = 13) (B. One-way ANOVA: p b 0.001; Bonferroni's post-test: naïve vs. formalin/no restrain, ***p b 0.001; naïve vs. formalin/ restraint, **p b 0.005) when compared to naive animals (n = 11).
